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Induced neural stem cells or induced neurons are ones artificially derived from somatic cells by epigenetic reprogramming techniques. Nobel Prize winner Shinya Yamanaka and colleagues firstly introduced the reprogramming of somatic cells using defined transcription factors (Takahashi and Yamanaka, 2006), in which fibroblasts were successfully reprogrammed into induced pluripotent stem cells. These cells were proved to differentiate into all types of cells when transplanted into the body. Although induced pluripotent stem cells can be differentiated into neural stem cells and further into neurons, they could form teratomas after transplanted into the host tissue due to the persistence of undifferentiated cells (Miura et al., 2009; Fong et al., 2010). In addition, recent studies have shown that initially silenced transgenes in induced pluripotent stem cells could be spontaneously reactivated and mediated a recovery to pluripotency, leading to a risk of tumor formation (Choi et al., 2014; Nori et al., 2015). To overcome these limitations, somatic cells, such as fibroblasts, are reprogrammed directly into induced neurons or self-renewing induced neural stem cells without the pluripotency stage (Vierbuchen et al., 2010; Pang et al., 2011; Han et al., 2012; Ring et al., 2012).

Despite definitive role of specific transcription factors, cultural condition is also important for the differentiation of induced neurons or induced neural stem cells *in vitro*. To determine the property of induced neurons or induced neural stem cells, several techniques are usually employed, such as morphology, molecular features, electrophysiology, and synaptic activity. To date there has been no report of tumor formation with grafting of these two cell types. Hence, the efficacious generation of induced neurons or induced neural stem cells from somatic cells provides a potentially unlimited source of neural cells, which may supply a novel and powerful system for studying cellular identity and plasticity, neurological disease modeling, drug discovery, and regenerative medicine.

Reprogramming of Induced Neurons *in vitro* {#sec1-2}
===========================================

Expressing certain transcription factors can induce a neuronal fate in pluripotent cells or convert somatic non-neuronal cells to functional neurons. The latter is also termed as *trans-differentiation* (**[Figure 1](#F1){ref-type="fig"}**).

![A diagram illustrates the reprogramming of somatic fibroblasts into induced neurons (iNs) or induced neural stem cells (iNSCs) *in vitro* by forced expression of transcription factors (TFs).\
Fibroblasts can be transdifferentiated into iNs expressing microtubule-associated protein 2 (MAP2), a neuronal specific nuclear protein (NeuN), neuron-specific class III beta-tubulin (Tuj1), and doublecortin (DCX) by transduction of transcription factors brain-2 (Brn2, also known as Pou3f2), achaete-scute complex-like 1 (Ascl1), myelin transcription factor (Myt1l), and NeuroD1. iNs can be further specified to become different phenotypes, such as motor neurons expressing vesicular acetylcholine transporter (vChAT) and homeobox Bb9 (Hb9), or dopamine neurons expressing tyrosine hydroxylase (TH), the vesicular monoamine transporter 2 (VMAT2), dopamine transporter (DAT), aldehyde dehydrogenase 1 A1 (ALDH1A1), and calbindin. Similarly, fibroblasts can be reprogrammed into iNSCs expressing nestin and sex determining region Y-box 2 (Sox2) by transduction of transcription factors Sox2, Kruppel-like factor 4 (Klf4), myelocytomatosis viral oncogene homolog (c-Myc), Brn4/Pou3f4, and transcription factor 3 (E47/Tcf3). iNSCs can be further differentiated into neurons expressing MAP2, NeuN, Tuj1 and DCX, astrocytes expressing glial fibrillary acidic protein (GFAP) and CD44, and oligodendrocytes expressing galactocerebroside (GalC) and oligodendrocyte marker O4.](NRR-11-28-g001){#F1}

Vierbuchen et al. (2010) screened a pool of 19 transcription factors by lentiviral transduction of embryonic fibroblasts from TauEGFP knock-in mice where EGFP expresses specifically in neurons. They eventually identified a neuronal-lineage-specific combination comprised of brain-2 (Brn2, also known as Pou3f2), achaete-scute complex-like 1 (Ascl1), and myelin transcription factor (Myt1l) (BAM). Forced expression of this combination rapidly converted mouse embryonic fibroblasts into functional neurons (Vierbuchen et al., 2010). Although the usage of single factor Ascl1 induced immature neuronal features, addition of Brn2 and Myt1l dramatically promoted the generation of induced neurons. It was further shown that the majority of induced neurons were excitatory and some were inhibitory. Moreover, these induced neurons exhibited functional neuronal activity, *i.e*., action potential generation and synapse formation. The mechanism of this conversion was postulated to be that high expression levels of neural cell-fate-determining transcription factors activated salient features of neuronal transcriptional program. This could also lead to activation of downstream transcriptional regulators and adjustment of repressive and active epigenetic features, reinforcing the induced transcriptional program. Later, the same research group demonstrated that the same factor combination successfully converted fetal and postnatal human fibroblasts into induced neurons (Pang et al., 2011). With an additional factor NeuroD1, another basic helix-loop-helix transcription factor, the efficiency of conversion was improved two to threefolds. Compared to other two formulas including Brn2, Ascl1, NeuroD1 (BAN) and Brn2, Myt1l, NeuroD1 (BMN), this combination (BAMN) generated the most mature neuronal cells. By means of RT-PCR to measure mRNA levels of human endogenous and mouse exogenous BAMN, the four corresponding endogenous genes were activated even after the transgenes were shut down. This indicates the independence of induced neuron state on continuous exogenous gene expression. To determine the underlying mechanism of re-programming, a recent study used zinc finger nuclease (ZFN) technology to knock out *p53* in normal human primary fibroblasts to cause the conversion of fibroblasts into three lineages of neural cells (Zhou et al., 2014). The up-regulation of neurogenic transcription factors Ascl1, Brn2, and Neurod2 after deletion of *p53* suggests the critical role of this gene in cell reprogramming. Another research reported that the neural reprogramming genes were regulated by the neuron-specific microRNA, miR-124 (Lau et al., 2014).

If the transcription factors act on cells intrinsically rather than extrinsically, it would more precisely specify the exact property of induced neurons. A small set, including 3 reprogramming factors (BAM) and 4 committed motor neuron factors (Lhx3, Hb9, Isl1, and Ngn2), converted embryonic and adult fibroblasts into induced functional motor neurons. The induced motor neurons expressed pan-neuronal marker microtubule-associated protein 2 (MAP2) and motor neuronal specific markers vesicular acetylcholine transporter (vChAT) and homeobox Bb9 (Hb9), as well as the receptors and excitatory channels (Son et al., 2011). In combination with expression of BAM and two genes, Lmx1a and FoxA2, human fetal and neonatal fibroblasts were converted toward specific dopaminergic neurons (Pfisterer et al., 2011). Furthermore, three factors such as Ascl1, Nurr1, and Lmx1a can directly convert mouse and human fibroblasts into functional dopaminergic neurons without passing through the progenitor stage (Caiazzo et al., 2011). It has to be pointed out that marker expression alone is not sufficient to define a neuron. In fact, it was verified that induced neurons derived from Pax6-, Mash 1- and Ngn2-transduced mouse astroglial precursors are not functional in the absence of cortical neurons (Berninger et al., 2007).

Reprogramming of Induced Neural Stem Cells *in vitro* {#sec1-3}
=====================================================

Although transdifferentiation from one mature somatic cell type into neuronal cells can be achieved through overexpression of transcription factors, the population of induced neurons has very little or no proliferation potential, which restricts the efficiency and expandability for a large scale. In addition, mature induced neurons are not suitable to be transplanted *in vivo* due to their poor survivability. Derivation of neural stem cells would be desirable for transplantation in consideration of their capacity to proliferate and differentiate. By forcing expression of exogenous transcription factors, induced neural stem cells can be obtained from embryonic stem cells, fetal and adult somatic cells (**[Figure 1](#F1){ref-type="fig"}**).

Many transcription factors play important roles in the maintenance of embryonic stem cell identity. Gene screening narrows transcription factors for inducing pluripotency, *i.e*., Oct3/4, Sox2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006; Yamanaka, 2009). c-Myc is ubiquitous stem cell marker expressing in pluripotent stem cells and neural stem cells. Activation or mutation of exogenous c-Myc gene integrated to the host cell genome usually results in tumor formation because of activation of many proliferation-related genes (Okita et al., 2007). Sox2 is expressed in neural stem or progenitor cells and its inactivation causes cell differentiation. Klf4 is a good indicator of mesenchymal stem cells that differentiate to skin, stomach, intestine, and skeletal muscle cells. Notably, Oct3/4 is so important and highly specific for pluripotent stem cells that expression of Oct3/4 alone can generate induced pluripotent stem cells from adult mouse neural stem cells (Kim et al., 2009). Neural stem cells endogenously express Sox2, Klf4, and c-Myc, but not Oct3/4. Thus, it is possible that suppressing Oct3/4 activity may transform somatic cells into neural stem cells.

Thier et al. (2012) transduced mouse embryonic fibroblasts using retroviruses constitutively expressing Sox2, Klf4, and c-Myc. Simultaneously, Oct4 activity was down-regulated by doxycycline-controlled lentiviral infection. The curtailed reprogramming successfully yielded a population of neural stem cells, which were expanded for more than 50 passages and did not depend on sustained expression of the reprogramming factors. Microarray gene analysis showed some genes related to self-renewal or neural determination capacity, *e.g*., Foxg1, Nes, Bmi1 and Olig2, were strongly upregulated in these induced neural stem cells, highly similar to their counterparts derived from mouse brain. In contrast, fibroblast-specific gene transcriptions, *e.g*., Col1a1, Col3a1, Dkk3, and Thy1, were down-regulated. Immunolabeling illustrated that these induced neural stem cells were able to differentiate into the three main neural lineages: neurons, astrocytes, and oligodendrocytes. Expression of a different combination of transcription factors, including Brn4/Pou3f4, Sox2, Klf4, c-Myc, and E47/Tcf3, also directly transformed mouse fibroblasts into induced neural stem cells (Han et al., 2012). These cells exhibited cell morphology, epigenetic features, self-renewal capacity, and functionality similar to those of wild-type NSCs. Although the donor transcription profiles were gradually silenced over a period of time, the induced neural stem cells had the tripotential capability to differentiate into three neural lineages. In these two cases, the induced neural stem cells conserved some similar gene expression to mouse fibroblasts, indicating a certain residual fibroblast epigenetic memory, *e.g*., Acta2 and Ctgf. Nevertheless, the newly established neural stem cells transcriptional network was dominant over that epigenetic memory. The induced neural stem cells can also be generated from monkey fibroblasts using Yamanaka (OSKM) factors in combination with chemically defined medium that favors for neural stem cell differentiation (Lu et al., 2013).

A single transcription factor can reprogram somatic cells to induced neural stem cells. Sox2 is a master regulator gene for neural stem cell identity and maintenance. With overexpression of Sox2 alone plus NSC-permissive culture conditions, Ring et al. (2012) transformed mouse and human fibroblasts to induced neural stem cells. The characteristics of these induced neural stem cells resembled to wild-type neural stem cells and could differentiate into mature neurons and glial cells. Because Sox2 and Nestin are neural stem cell markers, analysis of methylation patterns of the gene promoters revealed that both promoters were hypomethylated in reprogrammed induced neural stem cells, indicating their transcriptional activation. If one transcription factor is sufficient to induce multipotent state, a certain combination with others may be necessary for subtype-specific neuronal or glial progenitors.

Besides fibroblasts, multipotent neural stem cells can be induced from other types of adult somatic donor cells. Recently, Cassady et al. (2014) developed a genetic system to convert cells to tripotent neural stem cells. After transducing 13 transcription factors, including sex determining region Y-box 2 (Sox2), hes family bHLH transcription factor 1 (Hes1), Hes3, Brn2, Kruppel-like factor 4 (Klf4), regulatory factor X 4 (Rfx4), Zinc finger of the cerebellum 1 (Zic1), a dominant-negative RE-1 silencing transcription factor (DN-REST), notch intracellular domain (NICD), LIM homeobox 2 (Lhx2), pleiomorphic adenoma gene-like 1 (PLAGL1), myelocytomatosis viral oncogene homolog (Myc), and polycomb complex protein 1 (Bmi1), into embryonic fibroblasts, primary induced neural stem cell lines were successfully derived. By delivering retroviral induced pluripotent stem cell factors, induced neural stem cells were converted into induced pluripotent stem cells *in vitro* and then adult chimera mouse was generated from the iPSC lines. Adult liver and blood B cells were isolated from the chimera. When activating expression of 8 transcription factors, *i.e*., Brn2, Hes1, Hes3, Klf4, Myc, NICD, PLAGL1, and Rfx4, these cultured somatic cells differentiated into secondary induced neural stem cells, which displayed similar property to the original induced neural stem cell lines and wild-type neural stem cells. Additionally, human hematopoietic cells can be converted to neural cells by expression of Sox2 and c-Myc (Castano et al., 2014).

Cell Reprogramming *in vivo* {#sec1-4}
============================

The ultimate goal of cell reprogramming is to seek an innovative approach for cell therapy in human diseases. With understanding the property of induced cells *in vitro* and establishing transgenic reporter system, it is important to determine if the conversion is applicable *in vivo*. Recent studies transfected human fibroblasts and astrocytes with lentiviral tet-on system expressing regulatable neural reprogramming genes (BAM). After transplanted into the rat brain, these non-neuronal cells transdifferentiated into neurons when transgene expressions were turned on by doxycycline administration (Torper et al., 2013). Also, the same study reprogramed endogenous astrocytes into neurons using the same factors. This is the first study showing that direct neuronal conversion *in vivo* is achievable.

Glia in the central nervous system tissue themselves can be directly converted to neurons. It was demonstrated that a single transcription factor, Sox2 alone or together with Ascl1, converted NG2^+^ glia into induced doublecortin (DCX)^+^ neurons in the adult mouse cerebral cortex following brain injury (Heinrich et al., 2014). However, this did not happen in unlesioned cortex, indicating the necessity of signal from injury. Similarly, over-expression of a single transcription factor, Sox2, in the injured adult spinal cord, directly transformed resident astrocytes into DCX^+^ neuroblasts (Su et al., 2014). Another single transcription factor, NeuroD1, is also able to convert reactive glial cells into functional neurons in the cortex of stab-injured or Alzheimer\'s disease mouse models (Guo et al., 2014). In this study, astrocytes were transdifferentiated into glutaminergic neurons whereas NG2^+^ cells were reprogrammed into glutaminergic or GABAergic neurons. Besides residential glia in the central nervous system, cochlear non-sensory epithelial cells can be re-programmed into functional neurons using Ascl1 alone or Ascl1 and NeuroD1, which may be a good indicator for the regeneration of auditory neurons in the mammalian cochlea (Nishimura et al., 2014).

*In vitro* generated induced neural stem cells can be transplanted into the central nervous system for therapeutic purpose. A recent study transplanted induced neural stem cells into the contusion lesion site of rat spinal cord (Hong et al., 2014). It was reported that engrafted induced neural stem cells differentiated into all neural lineages, especially several subtypes of mature neurons, suggesting that this strategy holds therapeutic potential for restoration of spinal cord injury. The induced neural stem cells were transplanted into the adult mouse brain and survived for up to 6 months without graft overgrowths (Hemmer et al., 2014). Although induced neural stem cells displayed a neural multi-lineage potential, the majority of grafted cells differentiated into glia. Likewise, graft-derived neurons formed synaptic connections and displayed neuronal electrophysiological properties, suggesting functional integration with the existing neuronal circuitry.

Altogether, reprogramming for conversion of somatic cell types into induced neurons or induced neural stem cells opens a door for studying cellular biology, disease processes, and cell-based therapeutic intervention. However, limitations still exist in the efficiency improvement, cell identity, and functional characterization. Researchers need novel approaches to overcome these hurdles before translational or clinical application for neurological disorders.
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